We present a search for a pentaquark decaying strongly to Ξ − π − in γN collisions at a center-of-mass energy up to 25 GeV/c 2 . Finding no evidence for such a state in the mass range of 1480 MeV/c 2 to 2400 MeV/c 2 , we set limits on the yield and on the cross section times branching ratio relative to Ξ * (1530) 0 .
Introduction
The existence of bound multiquark states like QQqq and the H dihyperon were first proposed by Jaffe [1, 2, 3] in 1977. Then 20 years later Diakonov et al. [4] proposed the existence of four quarks and one antiquark confined in a low-mass anti-decuplet configuration. In their calculations Diakonov is also known as the φ(1860) −− .
On the experimental side, the year 2003 was the beginning of "pentaquark observations." The Θ + at about the predicted mass was the first candidate as noted in the PDG2004 [5] , but searches by higher statistics experiments yielded negative results as noted by R. Schumacher [6] .
In the case of the doubly strange pentaquark Ξ −− 5 the only positive evidence is from NA49 [7] . Negative results were obtained by every other search: HERA-B [8] , ALEPH [9] , WA89 [10] , HERMES [11] , BABAR [12] , ZEUS [13] , COM-PASS [14] , E690 [15] , as well as preliminary results from CDF [16] .
This letter describes a search for the Ξ −− 5 → Ξ − π − pentaquark candidate 3 in electromagnetic interactions and extends the search for the singly strange Θ + discussed in [17] to the doubly strange state considered here.
Event reconstruction and selection
The FOCUS experiment took data during the 1996-7 fixed-target run at Fermilab. A photon beam obtained from bremsstrahlung of 300 GeV electrons and positrons impinged on a set of BeO targets. The first element in the spectrometer was the silicon strip detector array: four triplets of silicon strip planes used for track finding and vertexing. Each triplet was comprised of three closely spaced parallel planes with the strip directions rotated to provide a means for correlating hits in the three planes of the triplet and thus track coordinates. For most of the run, two pairs of silicon strips were also interleaved with the target segments for more precise vertexing [18] . Charged particles were tracked and momentum analyzed as they passed through one or two dipole magnets and three to five sets of multiwire proportional chambers with four planes each (as shown in Fig. 1 ). Three multicell thresholdČerenkov counters, two electromagnetic calorimeters, and two muon detectors provided particle identification. A trigger which required, among other things, 25 GeV of hadronic energy passed 6 billion events for reconstruction.
The data used for this analysis come from a subset of FOCUS data which contain cascade candidates (
The cascade decays used in this analysis are those which occur downstream of the silicon detector and with the Λ 0 daughter being fully reconstructed through the decay Λ 0 → pπ − . The Ξ − candidate is a reconstructed silicon track with direction and position consistent with the intersection of a reconstructed Λ 0 and a multiwire chamber track. The Λ 0 invariant mass is required to be between 1.10 GeV/c 2 and 1.13 GeV/c 2 . The higher momentum track is chosen to be the proton because the small phase space of the Λ 0 → pπ − constrains the proton to carry most of the momentum for the decays observed in the forward FOCUS spectrometer. For this analysis we identify Ξ − tracks when the matched Λ 0 candidate and the matched pion track have an invariant mass within 20 MeV/c 2 of the nominal Ξ − signal peak (shadow region of fig. 2 ). The total sample yields approximately 625 000 Ξ − → Λ 0 π − signal events. A detailed description of the reconstruction of cascades and vees can be found in Ref. [19] . 
The invariant mass plot represent the total sample of silicon tracks matched to a reconstructed Λ 0 and a multiwire chamber track (π−). The shadow area is the region used to select Ξ − tracks for this analysis.
Each Ξ − track is combined with good quality charged tracks to make a vertex to search for Ξ * (1530)
This two track vertex must be well defined with a χ 2 probability greater than 1%. A multitrack production vertex is nucleated around this two track vertex and must be within 2σ of the Ξ − π vertex. The production vertex must have a χ 2 probability greater than 1% and must be within the target material or outside by no more than 3σ. In both cases, σ is the calculated uncertainty on the vertex location or separation.
A particle identification algorithm has been developed which combines data from all of theČerenkov counters which the track passes through. This algorithm [20] returns negative log-likelihood (times two) values W i for a track and hypothesis i ∈ {e, π, K, p} based on the light yields in the phototubes covering theČerenkov cone of the track. AČerenkov cut, W min(e,K,p) − W π > −8, requires that the pion Ξ − daughter (π − track matched to Ξ − track in Fig. 1 ) must not be strongly inconsistent with the pion hypothesis. For pions of the Ξ − π combination (π + track in Fig. 1 ) aČerenkov cut, W min(e,K,p) − W π > −6, is used to reduce combinatorial background.
Mass plots for Ξ − π + are shown in Fig. 3 and in Fig. 4 with an additional cut that the Ξ − π + momentum be greater than 25 GeV/c. The signal was best fit with a P-wave Breit-Wigner with an energy dependent width convoluted with a Gaussian for the detector resolution. The resolution, 2.92 MeV/c 2 , was obtained from a Monte Carlo simulation and the fitted width of the Breit-Wigner is shown in the figures, consistent with the widths of 8-10 MeV/c 2 quoted in the PDG [5] . The background was fit to the form aq b exp (cq + dq 2 + eq 3 + f q 4 ) where a-f are free parameters and q is the Q-value (invariant mass minus component masses). 
Pentaquark search results
The Ξ − π − and Ξ + π + invariant masses are plotted using the standard selection criteria in Fig. 5 . There are no significant differences between the two charge states so for the remainder of the analysis we combine the charge con- jugate states. The combined sample with standard cuts and with an additional momentum cut of 25 GeV/c is plotted in Fig. 6 . In this analysis we treat the two samples displayed in Fig. 6 separately, because the production mechanism utilized in Monte Carlo acceptance calculations is much better understood at the higher momenta. The same parameterization of the background is used in Fig. 6 as in Fig. 3 and 4. Such parameterization show acceptable fits to this smooth background as shown in Fig. 7 . No evidence for a pentaquark near 1860 MeV/c 2 or at any mass less than 2400 MeV/c 2 is observed. To set a limit on the yield we need to make some assumptions about the width of the state. We consider two cases: one with a natural width of 0 and one with a natural width of 15 MeV/c 2 . 4 In the first case, the signal is fit with a Gaussian with a width given by the experimental resolution. In the second case, the signal is fit with a P-wave Breit-Wigner with an energy dependent width convoluted with the experimental resolution. The experimental resolution σ is parametrized as a function of the invariant mass and we find σ = −9.35 + 7.76m + 0.21m 2 an adequate approximation, with σ in MeV/c 2 and m is the mass in GeV/c 2 . With the additional momentum cut of 25 GeV/c the experimental resolution change to σ = −7.99 + 6.29m + 0.62m 2 .
A series of 921 fits to the observed Ξ − π − mass plot were performed using the background and signal shapes described above for each assumed width. The signal mass is varied in 1 MeV/c steps from 1480 to 2400 MeV/c 2 and a binned log-likelihood fit using Minuit [21] is performed. The ±1σ errors 4 NA49 detected this state with a width below the detector resolution of 18 MeV/c 2 . Therefore the expected width of this state cannot exceed this value. A choice of natural width of 15 MeV/c 2 convoluted with FOCUS resolution in a range of 4-11 MeV/c 2 gives about 18 MeV/c 2 , the upper limit set by NA49. . The invariant mass distribution of Ξ − π − for particle and antiparticle combined. The solid line shows the result for the standard cuts and the dashed line is with the additional cut that the momentum is greater than 25 GeV/c. The inset plot is the ratio of both, note that the momentum cut affects primarily low mass. are defined as the point where ∆ log L = 0.50 relative to the maximum log L, while continually adjusting the background parameters to maximize log L. The 95% CL lower limit is defined similarly with ∆ log L = 1.92. Both are obtained using Minos [21] . The 95% CL upper limit is constructed as follows:
The likelihood function L versus yield is determined by maximizing log L for many different (fixed) yields, allowing background parameters to float. The likelihood function is integrated from a yield of 0 to ∞ to obtain the total likelihood. The 95% CL upper limit on the yield is defined as the point where 95% of the total likelihood is between a yield of 0 and the upper limit. 5 The fitted yield, 1σ errors, and 95% CL limits are shown in Figs. 8 and 9 . Of the 1842 fits, none of them finds a positive excursion greater than 5σ. The only previous pentaquark observation was around 1860 MeV/c 2 . In this region, we find a small dip which is not statistically significant. The largest positive excursion occurs in the region where the background distribution peaks.
To compare with other experiments, the limits on yield must be converted to limits on production times the (unknown) branching ratio. We choose to production cross section to Ξ * (1530) 0 because the reconstructed decay mode of the Ξ * (1530) 0 → Ξ − π + is very similar, in terms of topology and energy release, to the state we are investigating. Thus, we attempt to determine
All of the efficiencies include the reconstruction and selection efficiencies and corrections for unseen decays of parent particles. The Ξ * (1530) 0 efficiency includes BR(Ξ * (1530) 0 → Ξ − π + ) = 0.66 and both efficiencies include the factors BR(Ξ − → Λ 0 π − ) = 1 and BR(Λ → pπ − ) = 0.64. The two branching ratios which are common to both cancel. Determining reconstruction and selection efficiency (including acceptance) is described below.
The FOCUS detector is a forward spectrometer and therefore acceptance depends on the momentum of the produced particle. The production characteristics of the pentaquark are the largest sources of systematic uncertainty in this analysis. We choose a particular production model to obtain limits and provide sufficient information about the experiment for other interested parties to obtain limits based on other production models. The production simulation begins with a library of e − and e + tracks obtained from a TURTLE simulation [22] of the Wideband beam line. From this library, an individual track is drawn and bremsstrahlung photons are created by passage through a 20% X 0 lead radiator. Photons with energy above 15 GeV are passed to the Pythia [23] Monte Carlo simulation. The Pythia version we use is 6.127. The Pythia simulation is run using minimum bias events 6 with varying energies.
7 Options controlling parton distributions and gluon fragmentation were set to avoid heavy quark production. 8 Since Pythia does not produce pentaquarks, another particle must be chosen to represent the pentaquark. According to the string fragmentation model, which is implemented in Pythia, the mass of the particle has the greatest effect on production and the number of quarks a particle has in common with the initially interacting hadrons is next in importance. The Ξ * (1530) 0 particle is chosen to represent the production of a pentaquark. The Ξ * 0 (ssu) can obtain at most 33% of the remaining quarks from the target nucleon valence quarks, while the Ξ −− 5 (ddssu) can take 40%. The charge conjugate Ξ * (1530) 0 (ssu) particles must obtain all quarks from the vacuum, while the Ξ −− 5 (ddssu) can take 20% from the target nucleon. The mass of the particle chosen to represent the pentaquark, Ξ * (1530) 0 , is set to the appropriate value in Pythia.
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To calculate the relative cross sections in Eq. 1 we need efficiencies for Ξ * (1530)
These efficiencies are obtained from the FOCUS Monte Carlo simulation. The dominant uncertainty in the efficiency determination is the modeling of the production characteristics of the parent particle. For the observed particle, Ξ * (1530) 0 , we can compare the data and Monte Carlo directly and adjust the Monte Carlo simulation to produce the correct data distribution. Even this is not sufficient, however, because areas where the efficiency is zero cannot be accounted for. For Ξ * (1530) 0 , we run a weighted Monte Carlo simulation which matches the Monte Carlo momentum distribution with the observed data momentum distribution in the region for which the acceptance is not zero. The dominant source of uncertainty for the Ξ * (1530) 0 → Ξ − π + efficiency is our lack of knowledge of the fraction of events completely outside of our acceptance (momentum less than 15 GeV/c). The weighted Pythia Monte Carlo predicts that 71% of the Ξ * (1530) 0 particles are produced with momentum less than 15 GeV/c. To obtain an estimate of the efficiency uncertainty, we assume that the number of particles with mo- → Ξ − π − efficiency versus mass (with no branching ratio corrections) is shown in Fig. 10 . The uncertainty in ǫ Ξ −− 5 →Ξ − π − is approximately 10%. The relative uncertainty of the efficiency of an unknown particle (∼10%) is indeed less than that for the high statistics normalizing modes (>40%) because the efficiency uncertainty of the high statistics modes reflects the lack of knowledge of production outside of our acceptance. It is reasonable to assume that discrepancies in the Monte Carlo simulation are similar for the signal mode and the normalizing mode since discrepancies are correlated and therefore adding the uncertainty to the signal mode would be double-counting. Note that the signal and normalizing efficiencies only appear as a ratio.
We also report the relative cross sections in the region where our acceptance is good, that is for parent particle momenta greater than 25 GeV/c. This dramatically reduces the systematic uncertainties associated with the measurement. The uncertainty due to the production of Ξ * (1530) 0 is minimal. The uncertainty in the Ξ −− 5 efficiency is also reduced from approximately 10% to about 5% as shown in Fig. 11 . The number of reconstructed Ξ * (1530) 0 at momenta greater than 25 GeV/c is about 55 000, compared to a total sample of about 65 000 without the momentum cut. the total likelihood integral to obtain the 95% CL upper limit. To obtain the limit on cross section requires a different approach because of the significant systematic uncertainties. We use a method based on a note by Convery [24] which is inspired by the Cousins and Highland [25] philosophy for including systematic uncertainties. The Cousin and Highland prescription is appropriate for low background experiments with Poisson errors while the Convery proposal is applicable to the Gaussian errors which result from the large background in our case. Modifications to the Convery approach are made to give an exact solution [26] when we include efficiency uncertainty systematics.
If systematics are not considered, an analysis using a maximum likelihood fit returns a central value for the branching ratio (B) and a statistical error (σ B ). The likelihood function is
Including the uncertainty on the efficiency (σ ǫ ) changes the likelihood to:
We integrate Eq. 3 from 0 to ∞ to obtain the total probability and then integrate from 0 to the point at which 95% of the total probability is included to obtain the 95% CL upper limit. The branching ratio B of Eq. 3 is simply the relative cross section times the unknown pentaquark branching ratio as in Eq. 1. The relative uncertainties on the efficiency for the signal and normalizing mode are added in quadrature to become σ ǫ in Eq. 3. Furthermore,Ŝ is the relative efficiency between the signal and normalizing modes and σ B is the statistical uncertainty on the branching ratio due simply to the uncertainty in the signal yield. Figure 12 shows the results for
with an assumed natural width of 0 (15) MeV/c 2 for the top (bottom) plot. This is the result corrected for all undetected particles. The shaded band shows the ±1σ limits with statistical uncertainties only; the line in the middle of the band is the central value. The top curve shows the 95% CL upper limit using the method described above including statistical and systematic uncertainties. The curve between the full upper limit and the 1σ band is the 95% CL upper limit using the method described above with no systematic uncertainties included. The large systematic uncertainties are due to the attempt to correct for the significant fraction of particles outside of our acceptance. While this systematic uncertainty significantly degrades the limit, the production times branching ratio of the pentaquark relative to Ξ * (1530) 0 production is still less than 0.032 (0.091) at 95% CL over the mass range 1.5 to 2.4 GeV/c 2 for a natural width of 0 (15) MeV/c 2 . The background, as shown in Figure 7 , is rising so rapidly below 1.5 GeV/c 2 that fitting becomes very sensitive to the form assumed for the background. Consequently we do not quote upper limits below 1.5 GeV/c 2 .
The plots in Figure 13 show the same results for the restricted range of momentum greater than 25 GeV/c. That is, they show limits on relative cross sections for particles (Ξ −− 5 , Ξ * (1530) 0 ) produced with p > 25 GeV/c.
Conclusions
We find no evidence for pentaquarks decaying to Ξ − π − in the mass range of 1480 MeV/c 2 to 2400 MeV/c 2 . In contrast, we observe about 65 000 Ξ * (1530) 0 → Ξ − π + particles which have a very similar topology and energy release. We set 95% CL upper limits on the yield over the entire mass range with a maximum of 600 (3000) events for an assumed natural width of 0 (15) MeV/c 2 . We also obtain 95% CL upper limits on the cross section for pentaquark production times the branching ratio to Ξ − π − relative to Ξ * (1530) 0 → Ξ − π + . These limits are determined for two cases. The first case is for parent particles produced at any momenta where we find a maximum upper limit of
< 0.032 (0.091) at 95% CL for a natural width of 0 
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